Introduction
On September 1, 1971 , an interdepartmental task force was formed to coordinate This study has included consideration of the uses and replaceability of PCB's in the following areas.
1. Dielectric fluids for capacitors and transformers. 2. Industrial fluids for hydraulic, gas turbine and vacuum pump uses. 3. Heat transfer fluids.
Plasticizers and miscellaneous uses.
This report is the result of that study. It is a collation of technical information gathered from published literature, special reports, patent reports, and personal conversation with officials of industrial and utility companies. Such trade information as was used has come from sources other than the manufacturer.
The report was prepared through the efforts of several research scientists in the Polymers Division at NBS. These people do not work in the area of commercial applications and the collection and reporting of this information represents a significant departure from their usual responsibilities. This, together with time limitations, limited the amount of information which could be located and included and increased the need for qualifications and stated uncertainties in the report. Original sources were referenced where possible.
The discussion of each of the use categories listed above includes:
1. The physical properties required for the application. 2. Advantages and disadvantages of PCB's. 3 . Possibility of replacing PCB's with other materials.
Dielectric Fluids
Dielectric (electrically insulating) liquids are important to the electrical industry for filling agents or impregnants in transformers, capacitors, and other devices. Besides their electrical functions, the liquids may also be used for cooling and arc quenching functions. Detailed discussions of dielectric fluid applications are available (1) (2) (3) (4) .
Capacitors
Properties required of capacitor fluids: Generally, industrially important capacitors use liquid impregnated cellulose paper as a dielectric. The required properties of the liquid are:
1. Non-flammability (important for preventing fires, particularly in indoor use). 2. Dielectric constant matching that of paper. A good match reduces electric field inhomogeneities, increases dielectric strength and lifetime and allows decrease in capacitor size. 3. Low dissipation factor (reduces energy loss and destructive heating in a capacitor). 4. High dielectric strength (prevents breakdown and allows decrease in capacitor size). 5. High chemical stability (increases capacitor lifetime and stabilizes its performance). 6. Low vapor pressure (increases physical stability). 7. Inert decomposition products in an electric arc (prevents explosion or corrosion following breakdown). 8 . Low toxicity of the material and its decomposition products. 9 . Low cost.
Advantagesand disadvantages ofPCB in capacitors: The PCB capacitor liquids, commonly called askarels, are mixtures of chlorinated biphenyls and chlorinated benzenes. Several standard mixtures are specified by ASTM (5) . The askarel capacitor liquids and their decomposition products are non-flammable. Thus their use in capacitors greatly reduces fire and explosion hazards. This characteristic permits economies where safety codes require fireproof enclosures for capacitors containing flammable liquids. The major disadvantage of the askarels is their suspected toxicity. In ordinary capacitor usage the askarels are used in closed systems to prevent contamination from moisture. This practice also prevents the askarels from reaching the environment. However, when electrical failure occurs, sealed capacitors can leak and are ordinarily discarded.
Replaceability ofPCB in capacitors: Capacitors can be made dry or with gas dielectrics. These have inferior electrical strength and, for comparable performance, such a capacitor must be made much larger in size.
The major disadvantage of alternative capacitor liquids is their flammability. When comparing flash point data, as in Table 1 , askarel flash points comparable to those of other capacitor liquids are sometimes listed. ASTM states that these are not true flash points but are pseudo-flash points which differ noticeably from the flash obtained on combustible materials and is not indicative of a fire hazard (5) . The requirement of nonflammability for most capacitor uses is critical and capacitors with flammable liquids are forbidden in many cases by the National Electrical Code (6) . In other cases replacement of askarel capacitors with flammable capacitors requires use of fireproof installations (6) .
The fluorocarbons are one group of nonflammable liquids which are used for some dielectric applications (1) . The ones listed in Table 1 have low dielectric constants and could not directly replace askarels without increasing capacitor size. The fluorocarbons have low toxicity but the decomposition products may be toxic (1) . They are generally more volatile than askarels and are considerably more expensive. The fluorocarbons are a possible replacement for PCB liquids for capacitor use but we -know of no fluorocarbon liquid presently available and acceptable for this purpose.
Besides the problem of flammability, possible PCB replacement liquids generally lack either a sufficiently high dielectric constant to keep capacitor size down or a sufficiently high dielectric strength. For example ( Table  1) the silicones have the disadvantage of a low dielectric constant whereas the organic esters often have poor dielectric strength. Some silicones deteriorate rapidly under electric arcing (7) .
The acceptance of a PCB substitute is a complex process involving not only users but also various regulatory groups. In most of the electrical industry, regulation is nongovernmental and the primary regulatory influence comes from Underwriters Laboratories, who test products and decide on their suitability (8) . In addition, control over electrical materials is exercised through companies which insure against fire, utilities which supply electrical power and building codes.
Extent of capacitor use: Presently, almost all industrial capacitors contain PCB's. In 1968, 95% of the U.S. production of capacitor liquids (2.46 million gallons) were PCB's (9) . Two important types of capacitors are phase correction capacitors on power lines and ballast capacitors for fluorescent lighting. Non-ballast industrial capacitors produced in 1967 had a value of $112 million (10), and fluorescent lamp ballast capacitors produced that year numbered 21.7 million units with a value of $15.5 million (10). In 1970 there were 50.9 million ballast units produced with a value of $163 million (11) . These ballast units are in extensive use inside buildings where non-flammability is important.
Phase correction capacitors are necessary on power circuits to correct for the inductive loading of much electrical power equipment. The amount of phase correction capacitance is ordinarily specified in kilovolt amperes of reactive current or kvars. Most power capacitors are rated at from 1/2 to 25 kvars so that the number of capacitors is very roughly the kvar value divided by 10 (12) . As examples of the extent of power capacitor use, TVA has 2-1/4 million kvars (13) , and a power company serving suburban New Jersey has 3.6 million kvars on their power lines with 1/2 million kvars on order (14) . The value of these capacitors is roughly $5 per kvar (14) . More than 20 million kvars of power capacitors were produced in 1970 (16).
The procurement lag for these capacitors is presently 1-1/2 to 3 years and time estimates for redesigning new systems range from 3 to 10 years according to power company representatives to ASTM Committee D-27 (14, 15 (6) . Other advantages of the askarels include 1) their superior chemical stability which eliminates the sludge formation common in mineral oils, 2) a high dielectric strength which reduces electrical failures and 3) suitable viscosity.
The disadvantages of the transformer askarels include 1) a poorer resistance to impulse voltages and production of highly corrosive HCl during arcing, 2) a tendency to damage common insulating solids inside the transformer, 3) probable toxicity and 4) higher cost (about $1.80 per gallon compared to $.25 per gallon for mineral oil) (15, 18) .
Replaceability of PCBs in transformers:
Askarel transformers cost about 1.3 times as much as oil transformers and dry types cost about 1.5 times as much as oil transformers. Thus most users prefer to use the oil type where possible. This preference for oil transformers accounts for the fact that 96% of transformer liquids in use in 1968 were mineral oil (9) . However, fire underwriters will not presently accept the use of oils, silicones and other flammable liquids for indoor transformers. Dry-type transformers can be used indoors but are generally larger in size, require more copper and iron and are somewhat more expensive as shown above. Dry-type transformers could possibly replace askarel transformers in many cases.
We know of no currently available liquid which will replace askarels in existing transformers. Possibly, non-flammable fluorocarbons could be developed as a substitute fluid, similar in important properties to the askarels. Fluorocarbons are currently in use as convective and evaporative dielectric coolants. One main disadvantage of the fluorocarbons is their high volatility and high cost (about 40 times the cost of oil and 6 times the cost of askarels (18 (20, 21) . In general the characteristics of a good hydraulic fluid are (20) 16. Non-toxicity (reduces the danger to human beings from rupture of hydraulic equipment or improper disposal and to maintenance personnel during transfer of these fluids). Since most commerical hydraulic fluid mixtures are proprietary, it is difficult to obtain information with respect to their composition. The results from inquiries with respect to PCB content have been somewhat contradictory. We have no definite knowledge that PCB's are present in commerical hydraulic fluids at this time. Since composition specifications of these fluids are usually not available to the public, PCB content should be established by chemical analysis.
PCB's are useful in hydraulic fluids as lubricating additives in extreme pressure applications (26) and as pour point depressants. Although it is true that the pour point of oils may be lowered by extensive dewaxing, the use of additives is much cheaper. There are other inexpensive additives which are often used for these applications which appear to be adequate. For example, TCP (tricresyl phosphate) is chemically stable as an additive in lubricants, and, although quite toxic, it is more biodegradable than the PCB's.
An important requirement for many applications of hydraulic fluids is good heat and fire resistance (27) . Table 2 (28) gives the ignition characteristics for a large number of lubricants; however, in view of the propriety stated earlier, there is no detailed specification of the compositions of those fluids which are given by brand names. PCB's have excellent fire resistance characteristics. The flash and fire points given in the literature for the pentachlorobiphenyls are attributed to the buming of residual contaminants (29) . At very high temperatures, however, PCB's with higher chlorine content may emit phosgene (a very toxic gas) in the presence of oxygen. (31) . Phosphate ester hydraulic fluids have been used extensively for commercial aircraft (32). According to one manufacturer, no PCB's are currently being incorporated in these fluids. PCB's have been assumed to be useful as "snuffers" in that they tend to extinguish a fire supported by other constituents.
The market value of used phosphate ester type hydraulic fluids is sufficiently high that they are being recycled (33) . The recycled products are said to satisfy the same specifications as the uncycled fluids.
Considerable research is being done in connection with fire resistant hydraulic fluids for military aircraft. Some of the hydraulic fluids being tested do not contain PCB additives, but do contain TCP. It is possible that under appropriate processing, PCB's may be replaced by TCP and perhaps certain other additives to obtain satisfactory lubrication.
In naval applications current research includes development of water based hydraulic fluids (34), which would not contain PCB's. The boiling points of these fluids are too low to permit their use in aircraft.
It is possible that PCB's are also used in phosphate ester and other halogenated hydraulic fluids for industrial applications at high temperatures. The requirements here are similar to but not as stringent as those for aircraft hydraulic systems. Environmental Health Perspectives
Gas Turbines The characteristics of a good gas turbine lubricant are similar to those of hydraulic fluids except for the additional requirement of lubricity at high rates of shear (35). Particular emphasis is placed on heat resistance, high viscosity index, low pour point, and oxidation and foaming resistance. Sample U. S. and U. K. military specifications are given in Table 3 (36) . Usually, dibasic acid esters containing appropriate additives meet the above requirements. In the case of the turboprops, the same lubricant is usually used for both the turbine and prop-drive gear.
PCB's seem to be useful as additives in gas turbine lubricants but we have no evidence that PCB's are currently used for this purpose. Research along these lines has been done, and there is some indication that some PCB's have on occasion been added to gas turbine lubricants. The objection to PCB's and other chlorinated hydrocarbons is that they tend to be corrosive at the high temperatures reached in gas turbines. This corrosion is accelerated by decomposition of the PCB's and the formation of hydrochloric acid at high temperatures. The corrosiveness of PCB's is a major deterrent against their use in these lubricants. Since it also has the desirable property of point depressant and antioxidant. TCP also has the desirable property of reacting with metallic surfaces at high temperatures to form a protective coating.
Jet engines are run for approximately 18,000 hours (37) between overhauls. The lubricants are not usually changed during this period; however, the appropriate "oil level" is maintained at frequent intervals. Immediately before engine overhaul the lubricant is drained and discarded. Unlike the hydraulic fluids used in commercial aircraft, there appears to be no general recycling facility for gas turbine lubricants (37) . As a result of their increase in acidity and viscosity during use, recycling of gas turbine fluids would demand expensive redistillation and reblending.
Vacuum Pump Applications (22, 23) Both mechanical and diffusion pump applications require fluids of one highly fractionated component. Accordingly, additives generally are not used. However, PCB's are used in pure form as a diffusion pump oil in commercial applications.
The characteristics (38) of a good diffusion pump fluid are: 
Heat Transfer Applications
Heat transfer fluids are used to absorb thermal energy from a source and by cooling or changing phase, deliver heat to a place of utilization. The reverse process, using a fluid as a coolant, requires similar fluid properties. Summaries of heat transfer fluids and applications are available (41, 42 Electrical properties, refractive index, appearance and odor may be considered for some applications.
Advantages and disadvantages of PCB's as heat transfer fluids:
The main advantage of the PCB's as heat transfer fluids is their fire resistance. This property is of primary importance where there is a possibility that fire from high temperature leakage could endanger life and property. The other advantages of PCB's are low pour points and viscosities and good thermal stability up to 600°F. PCB's are relatively inert and have excellent electrical properties which makes them valuable for cooling transformers. The cost is relatively low. Disadvantages of PCB's include possible toxicity, a tendency to decompose to form highly corrosive HCl, a lower decomposition temperature than some alternate liquids (43) and relatively poor radiation resistance (44) .
Replaceability of PCB's as heat transfer fluids:
Increased risk from fire and explosion is a major disadvantage with most PCB replacement fluids. Other non-flammable fluids are 1) fluorocarbons, which have low toxicity, high thermal stability and in spite of high cost are used as convective or evaporative coolants (1), 2) water, which is quite corrosive, has a high temperature limit of 3740 C and requires extremely expensive high pressure systems for its use above the atmospheric boiling temperature and 3) molten salts and metals which, because of their resistance to radiation damage, are useful in reactor applications.
Several liquids are more stable at high temperatures than the PCB's. 
Plasticizer and Miscellaneous Uses
A plasticizer is a material incorporated in a plastic to increase its workability and flexibility (45, 46) . The addition of a plasticizer may lower the melt viscosity and flow temperature (increasing the ease with which the plastic can be made to flow), or lower the elastic modulus (making the plastic softer) (46) . Plasticizers are generally non-volatile *Note that the term compatibility has here a meaning very different from that used earlier. In the earlier case, compatibility meant that two materials could coexist without either being affected by the other. The present meaning is quite the opposite. liquids or low-melting solids. A major requirement of a plasticizer is that it have high compatibility* (mixes well to form a homogenous composition with useful properties) (42) with the material being plasticized. Figures are given in Table 6 for the compatibility of some common plasticizers with some common synthetic thermosetting or thermoplastic resins (45) . Other properties which are important when considering plasticizers are specific gravity, refractive index, color, odor, moisture sensitivity, vapor pressure (volatility), boiling range, stability (to light and heat) toxicity and cost (47) . Of Advantages and disadvantages of PCB's as plasticizers:
PCB's are attractive as plasticizers because of their high compatibility factor. They have been made with a wide range of properties as shown in Table 7 (48) . The PCB's are permanently thermoplastic, chemically stable, non-oxidizing, non-corrosive, have excellent solvating powers and are fire resistant (48, 49) . They are not normally attacked by acids, alkalines or water. They are insoluble in water, glycerol and glycols and soluble (at the lower chlorine contents) in organic solvents (48) .
The main disadvantages of PCB's are their possible toxicity, and relatively high cost.
Adhesives
An adhesive is a substance capable of holding materials together by surface attachEnvironmental Health Perspectives (58, 59 ). An ethylenepropylene copolymer blended with PCB has been used in a hot melt adhesive having improved toughness and resistance to oxidative and thermal degradation. It has excellent adhesion to polyethylene films (60) .
Environmental Health Perspectives 96 Similar adhesives, used to bond polyethylene to itself or other plastics, were prepared from styrene, oa-methylstyrene or methylmethacrylate (61) . Washable wall coverings and upholstering materials, made from films of polyvinyl chloride, are claimed to be improved by the addition of PCB to the adhesive formulation (62). PCB's can also be applied in the preparation of polyvinyl alcohol adhesive compositions which are used to manufacture envelopes (63) , in self-adhering films (64) , and in preparation of coatings of pressure-rupturable capsules for adhesive tape (65) .
Textile Coatings
A textile coating for ironing board covers can be formed from a mixture of chlorinated biphenyl, cellulose acetobutyrate and aluminum metal particles (66) . PCB's also can be used as a de-lustering agent for rayons (67, 68). Poly-a-olefins, (i.e. polypropylene) films, when coated with a mixture of PCB's, UV light absorbers, and antioxidants show increased stabilization to oxidative degradation on exposure to sunlight and weathering (69, 70) . Polyamide (nylon-type) yarns were found to be flame proofed when treated with PCB (71) . Chlorinated biphenyls can also be used as ingredients in some sealing formulations employed to waterproof canvas (48) .
Surface Coatings
In paints and varnishes, the hard resinous PCB's impart increased hardness to films, and the softer resins give flexibility (48) .
The role of these materials is similar to the oil, except that they do not oxidize and lose flexibility on aging. In nitrocellulose lacquers, PCB's either alone or in combination with other plasticizers and resins impart increased weatherability, luster, adhesion, and decreased burning rates (48, 72) .
Some comparison studies have been made recently on the effects of various plasticizers upon the overall properties of paints and varnishes made from acrylic latexes (73) . Films plasticized with tricresyl phosphate (TCP) had better stability, tensile strength and adhesion than did film plasticized with dibutyl phthalate or PCB (73) . For varnishes prepared from polyvinyl chloride formulations, and plasticized with either di-butyl phthalate or PCB, the films plasticized with PCB had better overall properties with or without pigments (TiO2) (74) .
PCB and other plasticizers can be used in combination with poly (organosiloxanes) to prepare film casting solutions. These polymeric films could be employed in electrical coatings, insulating tapes and protective lacquers (75) (76) (77) (78) .
Plastic vessels, i.e. bottles, manufactured from polyethylene, polyvinyl chloride, polyvinylidene chloride or similar resins coated with an epoxy lacquer (which contains PCB) make the vessels pliant, impervious, and resistant to aromas, acids and alkalis (78) .
Paints at atomic energy installations are needed for (a) contaminated areas, (b) tolerance to high energy radiation, and (c) to meet clean condition standards. Paints for (a) should be glossy and smooth and should not transmit contaminants. For this purpose, the vinyl polymers are preferred over epoxy lacquers. The best plasticizers for use in this area are claimed to be the PCB's (79). The extent, if any, of their use in this application is unknown.
The PCB's are usually compatible with epoxy resins, and they give good final hardness and impact resistance equal to the unmodified resin (80). They also aid in the acceptance by the resin of larger amounts of fillers. Epoxy resins in combination with PCB can be used as protective coatings for metals, i.e., encapsulating electrical capacitors (81) , for ferrite magnet cores (82) (used in computers), for corrosion resistant resistors (83) , for pigmented metal coatings (84, 85) for winter camouflage coatings (86) , and for pipes and blocks (87) .
Sealants
Sealing and caulking compositions include a wide range of compounds which can be used to seal joints or voids against water and water vapor, air and other gases, dust, sound, vermin, heat and cold (88) . Specialized applications require resistance to certain chemicals or atmospheric environments. PCB's can be used as plasticizers in the formulation of putties from copolymers of ethylene-vinyl acetate or styrene (89) . The products are non-hardening, and resistant to moisture and frost and show good weatherability. A non-sticky, non-hardening putty was also prepared from polysulfide mixtures which employs PCB as the plasticizer. This putty gave good bonding to building materials, had good extrudability and shape retention (90) . Elastic pavement or concrete sealing compositions, used for traffic markings, were prepared from coal-tar-polysulfide mixtures which are plasticized with PCB (91) . A sealant, effective for concrete and asphalt applications, can be formulated from a mixture of polysulfide, chlorinated rubber, polyisocyanate, and plasticized with PCB (92) .
Printing
Chlorinated biphenyls have been employed as part of the formulations used to prepare pressure-sensitive record (93, 94) and colored copying papers (95, 96, 102, 103) . They have been used to coat papers used in thermographic duplicating processes (97) (98) (99) (100) (101) as well as in xerographic transfer processes (104) (105) Fire Retardant and Flame-Proofing Compositions When PCB's are used as plasticizers, they impart a certain degree of non-flammability to the objects as described previously. However, for increased effectiveness in flame retardant applications, the PCB's can be admixed with various metal oxides. Some flame retardant compositions based upon these mixtures are: polyolefin yarns (108); organopolysiloxane sealants (109); thermoplastic poly (hydroxylethers) (110); fireproof panels made from starch which can be used for doors, floors, ceilings, and partitions (111); polyamides (112) ; and in fireproof fiberboards (113) . Rigid polyurethane foams (114) (115) (116) and hardboard compositions (117) , when treated only with PCB's do not show any significant increase in flame retardant activity.
Miscellaneous Applications
The wide range of chemical and physical properties exhibited by the PCB's (see Tables 6 and 7 ) make them desirable for an assortment of miscellaneous uses. Some of the more interesting and non-conventional uses are given below. (125) . 9 . Increasing the coke yield from coal pitch. The coke is very hard, dark, and brilliant (126). 10. As a metal quencher or tempering agent for steel, alloys and glass (127, 128). 11. As an aid to fusion cutting of stacked metallic plates without adherence. The cutting is done with an electric arc or oxy-gas torch (129) .
Possible replacement of PCB's in plasticizer and miscellaneous applications:
We find no evidence that PCB's are indispensable to a particular plasticizer or miscellaneous application. In most of the formulations and compositions cited, there were usually alternative plasticizers included in the citation (see Table 6 ) which did not appear to be detrimental to the application.
Summary
The major value of the PCB liquids is that those with four or more substituted chlorines per molecule are non-flammable as are their decomposition products. Thus they can be used as fluids at temperatures up to 7000F without the danger of explosions and fire. The major disadvantage of the PCB's is their possible toxicity danger. The other comparable class of non-flammable fluids are the fluorocarbons which typically have a lower vapor pressure and lower boiling point than the chlorinated compounds. PC B's are used in fluids (known as askarels) for electrically insulating and cooling transformers when the transformers are used in or near buildings. Mineral oils are the preferred fluids when fire does not create a hazard. Dry transformers can also be used but are larger and more expensive. Fluorocarbon liquids require a special transformer design. Fluorescent light ballast capacitors and phase correction capacitors utilize the high dielectric constant of the PCB's to effect significant reduction in capacitor size and cost. Few suitable fluids have a comparably high dielectric constant. Flammable fluids are not allowed by insurance companies and building codes in capacitors used in buildings. Replacement of PCB's in capacitors and transformers would require considerable time and money for reengineering, manufacture and application of substitute equipment.
PCB's are useful in hydraulic systems where leakage onto hot metal surfaces could cause a dangerous fire. Hydraulic fluids can also be made with phosphate esters which are toxic and which will burn at high temperatures. Replacement of PCB's in some hydraulic systems could increase loss of life due to fire. Gas turbines require lubrication at high temperatures. PCB's can be used but tend to be corrosive. Phosphate ester lubricants seem better in this respect. Chemical stability is more important for high temperature lubricants than is non-flammability. PCB fluids are useful in diffusion booster pumps to produce moderately high vacuums with relatively poor fore vacuums. Nonflammability is not especially important for diffusion pump liquids, and with a few possible exceptions alternative liquids are available.
Flammable heat transfer fluids present a fire hazard if they leak into a furnance or onto hot surfaces. The use of PCB's can prevent this danger. In some cases water is a suitable substitute at moderately high temperatures. Other heat transfer fluids are commerically available and in use. Replacement of PCB's is satisfactory in some, but may be dangerous in other heat transfer uses. The PCB's are good plasticizers for use with adhesives, textiles, surface coatings, sealants and copy paper. In some cases the PCB's act as fire retardants. There are no particularly unique properties of PCB's for plasticizer uses, and equally effective alternatives are generally available (e.g. phosphate esters are often used as fire retardants). The extent of current use, if any, in such applications has not been determined.
